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ABSTRACT Metal–insulator–metal (M–I–M) structures involving transition-metal
oxides and, more recently, also perovskite oxides with resistive switching effects have
attracted substantial interest in research aimed at nonvolatile memories of nanometer
dimensions. Although some models are presently under discussion, it is still not clear
whether the fundamental switching mechanism is an interface or a bulk property,
or a combination of both. Extended defects, such as dislocation lines and changes
in the oxygen vacancy concentration, are considered responsible for the conducting
state, and local reduction/oxidation processes have been proposed to be responsible
for the resistive switching. In addition, the role of dopants has not been discussed
in depth. Here we report on an electric-field-controlled electron trapping/detrapping
process involved in the resistive switching in Cr-doped SrTiO3. Electroluminescence
(EL) measurements reveal that during resistive switching, light emission is observed
only in the switching transition from high to low conductivity. The EL spectrum is
typical for Cr3+ in an octahedral ligand field, indicating that the switching process in-
volves trapping/detrapping of electrons at the Cr site. With increasing conductivity of
SrTiO3, we observe a change from the predominant 2E → 4A2g (R-line) to the vi-
bronically red-shifted 4T2 → 4A2g transition, which points to a modification of the
Cr-occupied lattice sites.
PACS 71.30.+h; 78.60.Fi; 73.40.Rw; 78.55.-m; 85.30.Tv
1 Introduction
There has been increased in-
terest in investigating various types
of nonvolatile random access memo-
ries. Different concepts are being pur-
sued to develop storage devices with
higher areal densities and lower power
consumption than those of standard
flash memory. One approach is to use
ferroelectric polarization in a FET-
like arrangement to modulate the resis-
tance in an adjacent conducting chan-
nel [1, 2]. Simpler memory cells pre-
sently under intense investigation are
based on the resistance change of a me-
dium by means of current or voltage
pulses, an effect observed in a large var-
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iety of materials. In the so-called phase-
change materials, based on chalco-
genide compounds [3], the mechanism
for establishing the “low” and “high”
resistance states is well understood,
whereas for binary or ternary oxides
such as Perovskites, a clear picture
has not yet emerged. Current-induced
bistable resistance effects or voltage-
controlled negative resistance phenom-
ena in compounds such as Nb2O5, TiO2,
Ta2O5 and NiO [4–7] and selected
Perovskites exhibit strong similarities
in current–voltage (I–V ) characteris-
tics from the macroscopic down to
the nanometer scale [8–10], suggest-
ing that a common scheme may be
applicable.
Among the models proposed to ex-
plain the physical origin of the re-
sistance changes in these materials,
one finds modified interface proper-
ties [11–13], local inhomogeneities
in the conduction path [14, 15] and
a phenomenological approach involv-
ing a nonpercolating domain struc-
ture [16]. While most research is done
on thin-film oxide layers, a few reports
on memories are based on bulk single
crystals [15, 17–20]. With the avail-
ability of doped SrTiO3 single crystals,
which exhibit the same memory behav-
ior as doped SrTiO3 and SrZrO3 films,
it became possible to study the influ-
ence both lattice defects controlled by
dopants and interface effects have on
the performance of a model memory
system. In manganites, hole doping pro-
vides a sufficiently high bulk conductiv-
ity so that both thin films [8] and single
crystals [19, 20] apparently do not re-
quire any electrical formation process
prior to memory operation, or this it is
not discussed.
In contrast, doped and/or oxygen-
deficient SrTiO3 requires a dc elec-
tric stress, a so-called forming pro-
cess, to drive the insulator into a con-
ducting state, which is the prerequi-
site for the realization of bistable re-
sistive memory. Extended defects such
as dislocations [21] and changes in
the oxygen–vacancy concentration [18,
22] are considered responsible for the
conducting state achieved by forming,
while local reduction/oxidation pro-
cesses have been proposed as an ex-
planation for the resistance switching
mechanism [15, 23]. A possible role of
controlled defects in the form of dopants
has not yet been discussed in depth.
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2 Experimental
Single crystals grown in air
by the floating-zone method [18] were
annealed at 1150 ◦C in Ar/H2 5% to
adjust a defined condition with respect
to the Cr valence. ESR spectra taken
at 80 K with a BRUKER EMX system
at 9.4 GHz enable a quantitative com-
parison between oxidized and reduced
crystals. In the oxidized sample, the ab-
sence of the Cr3+ signal implies that
almost all Cr ions are in the tetrava-
lent state. A direct detection of Cr4+
requires measurements at higher fre-
quencies (> 34 GHz) [24, 25]. Upon
reduction of Cr-doped SrTiO3, a large
fraction (estimated to be between 100%
and 50%) of the Cr dopants change their
valence to 3+ because of charge com-
pensation due to the presence of oxygen
vacancies. A reduced SrTiO3 crystal
with a concentration of 0.0001 mol. %
of Cr was used as reference to esti-
mate the concentration of spin centers.
At this low concentration, one can as-
sume that, upon reduction, all of the Cr
atoms are converted to the 3+ valence
state. Pt electrodes of 50–100 nm thick-
ness with a typical separation of 500 µm
are deposited on (100) faces of polished
crystals via e-beam evaporation in either
planar or capacitor geometry, produc-
ing a fully symmetric M–I–M struc-
ture. This enables optical access to the
volume between the electrodes during
the dc stressing and memory operation
with the electric field along the main
crystal axis. The luminescence experi-
ments are performed using an optical
multichannel analyzer covering a spec-
tral range of 300–1000 nm and with
a photon-counting Si avalanche pho-
todiode for the wavelength-integrated
signal in the 400–1060 nm range. All
measurements are done under ambient
conditions using reduced crystals. No
I–M transition could be observed in the
fully oxidized state or undoped reduced
crystals.
In Cr-doped crystals, it was shown
that the conducting state achieved by the
forming is associated with a change of
the Cr valence from 3+ to 4+, which
suggests that Cr3+ can be a source
of carriers for the conduction band
(CB) [18]. The Cr3+ and Cr4+ im-
purity levels within the band gap of
SrTiO3 [26] will act as donor and ac-
ceptor, respectively [27–30]. In this
report we present experimental evi-
dence of an electric-field-driven elec-
tron trapping/detrapping process at the
Cr site, which is involved in the resistive





EL and photoexcited lumi-
nescence spectra, collected on unformed
samples, allow us to assign the optical
response to the 2E → 4A2g transition,
the typical R-line of Cr3+ in an octa-
hedral site [31–33]. In the conducting
FIGURE 1 EPR Cr3+ X band
signal (integrated intensity) in
SrTiO3 doped with 0.2% Cr.
The blue curve is obtained in
a sample oxidized 8 h at 1150 ◦C
in an oxygen atmosphere. The
red-dotted curve is obtained
after reducing the sample by
annealing for 8 h in H2/Ar at-
mosphere at 1150 ◦C. This pro-
cess produces oxygen vacancies
in SrTiO3, which, because of
charge compensation, changes
the valence of a fraction of the
Cr dopant atoms from 4+ to 3+
valence
FIGURE 2 Luminescence of a SrTiO3:Cr 0.2 mol % single-crystal: virgin sample at zero bias during
laser (355 nm) exposure (PL) (black line); virgin sample in the dark during application of voltage pulses
of ±550 V (EL) (open blue circles); spectra from a virgin samples after exposure to white light, taken
with a delay of 2 s (DL) (filled red circles). This emission corresponds to the R-line, characteristic for
charge-transfer processes involving Cr3+ in an octahedral crystal field [29, 31]. Hereby a CB electron
when trapped by Cr4+ forms an excited Cr3+ state, which subsequently relaxes to the ground state via
the 2E → 4A2g transition [26, 27]
state, however, a significantly broad-
ened spectrum suggests that modified
defect states are involved in the charge
transfer, and the EL spectra indicate
carrier recombination during switching
from the low (LR) to the high-resistance
(HR) memory state.
In pure SrTiO3 the formation of
oxygen vacancies during the reduc-
tion process leads to a filling of Ti 3d
CB states and an insulator-to-metal (I–
M) transition takes place when a suf-
ficiently high electron doping is estab-
lished. However, our ESR data (see
Fig. 1) show that, upon reduction of Cr-
doped SrTiO3, a fraction of the Cr4+
(see methods) changes its valence to
3+, indicating that electron doping oc-
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curs at the Cr-dopant sites instead [33].
The energy levels of the latter are lo-
cated in the band gap of the SrTiO3
host [26, 29] and, therefore, the crystals
remain insulating. Because of the high
initial resistance, the forming procedure
has to start at a high dc voltage (up to
1 kV) in order to initiate a current flow
in the nA range. As continuous carrier
injection leads to an increasing current
with time, the voltage is decreased in
steps to keep the power at a low level
to prevent irreversible damage. The final
state in which stable resistive switching
is established is typically reached in 5 to
10 h. This process can be accelerated by
photo-excitation in the visible. It was as-
sumed [9, 17] that the Cr3+ center acts
as a source of carriers needed to induce
the I–M transformation. Proof of an ex-
citation of electrons involving the Cr site
is provided by the spectra of the photo-
luminescence (PL) and EL signals, the
latter excited with bias voltage pulses at
relatively low currents. Both show the
occurrence of a dominant line at approx.
790 nm, with a full width at half max-
imum of 45 nm, Fig. 2. This emission
corresponds to the R-line, characteristic
of charge-transfer processes involving
Cr3+ in an octahedral crystal field [31,
33]. It results from the excitation of an
electron from Cr3+ to the CB, leaving
the Cr in the tetravalent state. A CB elec-
tron, when trapped by Cr4+, will form an
excited Cr3+ state, which subsequently
relaxes via the 2E → 4A2g transition
to the ground state [28, 29]. Further-
more, excitation at various wavelengths
(355, 633 and 780 nm) confirms that
electron transfer to the CB takes place
at subbandgap energies above 1.86 eV
(670 nm) [28], a condition also met for
irradiation in the visible. This is consis-
tent with our ESR measurements (data
not shown), which under continuous ir-
radiation with an electric field applied
show a decrease of the Cr3+ signal. The
R-line emission observed both in the de-
layed luminescence (DL) at zero bias at
the early stages of stressing and in the
EL can be taken as proof of the contri-
bution of the Cr3+ impurity gap states in
promoting the I–M transition in SrTiO3.
Near the completion of the form-
ing process, the resistance typically de-
creases to the kΩ range, where the I–
V loops begin to develop the hysteretic
characteristics (inset of Fig. 3) required
for resistive memory switching. At this
stage, the system behaves metastably
and has not yet developed a sufficiently
large and stable asymmetry, which at
low voltages should exhibit an almost
ohmic behavior in the LR and a small
d I/dV ratio in the HR state.
The broad EL spectrum (Fig. 3) sug-
gests a superposition of multiple emis-
sion lines, but the R-line still is a dom-
inant feature (Fig. 2), already observed
before the forming process. This implies
that in the conducting state the charge-
transfer processes via the Cr band-gap
states play a significant role in the elec-
tronic transport.
FIGURE 3 EL spectrum recorded during multiple hysteresis loops: 10 loops (red); three loops (blue,
black). The spectra consist of a superposition of emission lines; one of them centered at approx. 790 nm
exhibits the signature of the characteristic Cr R-line (Fig. 2)
FIGURE 4 EL spectra of
memory cell approaching
a stable state (3 I–V loops
each). (a) I–V loops at in-
termediate switching state,
no switching. During these
loops, no EL could be de-
tected (background signal).
(b) By increasing the com-
pliance to 80 mA, a stable
asymmetry is imprinted in
the hysteresis. (c) Stable
operation at compliance re-




behavior of a formed memory
cell
In this particular example, we
observe that by running voltage sweeps
at higher currents (Fig. 4a–c), the hys-
teresis eventually undergoes a transition
to a final stable asymmetric state. Thus,
from an intermediate state (Fig. 4a), in
which the memory cell remained in LR,
a pronounced hysteresis can be estab-
lished through sweeps at a higher com-
pliance (80 mA), see Fig. 4b. Once a sta-
ble asymmetry is imprinted, the hystere-
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FIGURE 5 Two I–V loops with transition from a low to a high-resistance at negative polarity, and EL
spectrum recorded separately for each write (positive branch) and erase (negative branch) half loop. The
occurrence of the luminescence only at the erasing branch clearly indicates that this luminescence is
correlated with a recombination process that decreases the number of conducting electrons
FIGURE 6 Simultaneous
time-resolved luminescence
(black) and I–V loops on
a single crystal of SrTiO3:Cr
0.2 mol. %. The abrupt
changes of the true applied
voltage curve observed in
the negative branch of the
hysteresis curve indicate
that onset of EL coincides
with an abrupt decrease in
the conductance
sis is maintained by switching at lower
currents (Fig. 4c).
The EL spectrum recorded during
repeated voltage sweeps shows a dras-
tic increase of intensity in the higher
wavelength region, see Fig. 4, compared
with Fig. 3. This is typical for a sta-
ble resistance switching, whereas no
EL occurs in the intermediate state. We
note that no simple relation of the EL
intensity to the maximum current flow-
ing exists. A clear EL signal with the
same spectral distribution (Fig. 5) is
also obtained for a memory cell operat-
ing at 20 mA. Current flow in confined
regions or, in the extreme case, in fila-
ments whose cross section can vary in
different samples precludes measuring
the true local power or current dens-
ity. With the voltage swept in positive
and negative half-loops, EL occurs in
one polarity only, namely, in the nega-
tive branch of the hysteresis, where
the LR to HR switching takes place.
As the transition occurs while the cur-
rent is in compliance, the actual true
voltage applied is the relevant param-
eter for the detection of the switching
and the correlation with the EL event.
The wavelength-integrated EL signal
and the true voltage measurement dur-
ing a series of I–V loops are shown in
Fig. 6. The abrupt changes in the V vs.
t curve in the negative branch of the
hysteresis indicate resistance changes
that coincide with the onset of a strong
EL. Apparently a threshold value ei-
ther in the power density or in the ap-
plied field needs to be reached to initiate
the process and maintain the EL un-
til the voltage drops from its plateau
value.
4 Discussion
A plausible explanation of
the above results is that the EL arises
from a dynamic process involving trap-
ping of carriers at the Cr4+ centers with
subsequent radiative transitions to the
ground state. This is clearly the case
for the 2E → 4A2g transition. Regard-
ing emission in the 900 to 1000-nm
range, one could invoke local Joule
heating due to the high currents. Lumi-
nescence spectra obtained on crystals
heated up to 980 ◦C indicate, however,
that the spectral features of the EL can-
not be accounted for by black-body
radiation, which leaves an electronic
transition as the origin of this emis-
sion band. Such a band in this energy
range has actually been observed by op-
tical excitation in numerous compounds
with Cr dopants in octahedral lattice
sites [35–37] and is assigned to the
4T2 → 4A2g transition. This indicates
that, upon forming, a change in or-
bital occupancy takes place from t32g
to t22ge
1
g [32, 38, 39]. The latter transi-
tion appears at an energy lower than
the R-line because of a strong elec-
tron lattice coupling [35] with a red
shift of approx. 300 nm with respect
to the 4A2g → 4T2 absorption band
at 670 nm, which is comparable to
that found in other oxides [35–37,
40]. Thus in our forming process, on
going from the insulating to the con-




















transition. A plausible expla-
nation for this shift is a nonreversible
field-induced distortion of the Cr-occu-
pied octahedral lattice site, leading to
a change of the relative transition prob-
abilities. Such a change of balance from
the 2E → 4A2g to the 4T2 → 4A2g emis-
sion has been observed under pressure-
controlled distortion of the Cr-occupied
octahedral site [40]. Evidence of an
electric-field-driven modification in Cr-
doped SrTiO3 has been found in XAS
mapping experiments, which reveal an
oxygen vacancy migration into con-
fined crystal regions [41]. This is con-
sistent with our observed changes in
EL. Therefore with progressive form-
ing, the predominant EL shifts from
the R-line, involving t2g orbitals whose
lobes point between the O-ligands, to
EL from the 4T2 → 4A2g transition. The
latter involves eg orbitals represented
by the x2 − y2 and z2 3d wave func-
tions [32], which have lobes pointing
towards the O-ligands. Hence both octa-
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hedral distortions [27, 35, 42, 43] and




ments performed on SrTiO3:Cr crys-
tals at different stages of conductivity
reveal that the light emission is as-
sociated with 3d intrashell transitions
of Cr3+ in an octahedral lattice site.
Electrically stimulated emission can be
taken as proof of dynamic processes
involving trapping and subsequent ra-
diative decay of electrons at the Cr
dopant sites. With increasing conductiv-
ity, achieved during forming, the emis-



















transition. The latter is associated with
a change in orbital occupancy, and its
energy shift can be related to a geomet-
rical change of the oxygen octahedron,
either through distortion and/or a modi-
fied oxygen–vacancy distribution. The
EL in the final state, which occurs only
when the memory cell is switched from
the LR to the HR state, can provide an
important stimulus for the refinement
of theoretical models by taking con-
trolled and defined trapping centers into
account.
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